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Edited by Gianni CesareniAbstract A human cell line, in which expression of the ribosomal
stalk proteins P1 and P2 has been suppressed by RNAi technol-
ogy, has been used to test how the loss of these proteins aﬀects
IRES-dependent translation. Foot-and-mouth disease virus
(FMDV) IRES-dependent translation from a bicistronic construct
is about three fold higher in the P1/P2-depleted cells than in con-
trol cells in the presence of Lb protease. By contrast, no eﬀect on
Hepatitis C virus (HCV) IRES translation was observed. These
results emphasize the functional heterogeneity of the IRES and
they highlight a functional connection between the ribosomal stalk
and picornavirus IRES-dependent translation.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Mammalian cell1. Introduction
The rod-like lateral protuberance in the large ribosomal sub-
unit of all species has traditionally been called the ‘‘stalk’’ [1], a
structure that is essential for ribosomal activity. The stalk has
been shown to be directly involved in the binding and function
of several soluble factors involved in diﬀerent steps of the
translation cycle, although most studies have focused on the
prokaryotic EFG and eukaryotic eEF2 elongation factors
(see [2,3] for reviews). Despite playing the same basic role in
all species, the stalk, like the rest of the ribosome, is notably
more complex and it displays diﬀerent properties in eukaryotic
cells [3,4]. Evolutionary modiﬁcations have apparently pro-
vided eukaryotic cells with the capacity to control the content
of the ribosomal acidic P1 and P2 proteins, enabling them to
modulate the activity of the particle. As a result, it has been
proposed that there are regulatory mechanisms speciﬁc to
eukaryotic translation that involve the ribosomal stalk [4,5].
The absence of P1 and P2 proteins alters the eﬃciency of
mRNA translation by the yeast ribosome, aﬀecting protein
expression [6]. In general, the yield of the translated proteins
is reduced although an important increase is detected in some
speciﬁc proteins, indicating that a number of mRNAs may be
more eﬃciently translated by ribosomes deﬁcient in acidic pro-
teins. However, the mechanisms underlying this preferential
translation remain unknown.*Corresponding author. Fax: +34 91 1964420.
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1Present address: Hospital Universitario 12 de Octubre, Centro de
Investigacio´n, Avda. Co´rdoba s/n, 28041 Madrid, Spain.
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.07.039Eukaryotic translation is a multistep process that starts
with the factor-dependent recruitment of the 40S ribosomal
subunit at the 50 end of the mRNA, which contains a mod-
iﬁed nucleotide cap. However, the translation of some
mRNAs is driven by internal ribosome entry sites (IRES)
and is independent of the nucleotide cap [7]. There is wide
structural diversity among the IRES elements present in
genetically divergent mRNAs, as is the case of the IRES in
the foot-and-mouth disease virus (FMDV) and the hepatitis
C virus (HCV). The FMDV IRES encompass 450 bases dis-
tributed in ﬁve structural domains. Conserved motifs in these
domains are involved in maintaining the RNA structural
organization of the IRES, or in its recognition by host factors
including eIF4G, eIF3 and PTB [7]. The HCV IRES is short-
er, 340 nt, distributed in three domains that had no conserva-
tion of secondary structure with FMDV IRES. Indeed these
IRES elements diﬀer in the requirement of soluble factors.
The HCV IRES can form 48S initiation complexes in the
presence of the 40S subunit, eIF3 and eIF2 whereas FMDV
IRES initiation also requires eIF4G [8,9]. IRES elements were
ﬁrst described in picornavirus [10] and they were subsequently
found in other viral mRNAs. However, there is now consis-
tent evidence that a proportion of the cytoplasmic mRNAs
in higher eukaryotes may also be translated in a cap-indepen-
dent manner [11].
Although alternative explanations cannot be ruled out, the
eﬀects of the absence of stalk acidic proteins on the translation
of speciﬁc mRNAs may reside in the ribosomal response of the
two initiation pathways. Indeed, changes in ribosomal confor-
mation might be expected to aﬀect IRES-dependent initiation.
The IRES elements of two unrelated RNA viruses, HCV and
the intergenic region (IGR) of dicistroviruses, have been
shown to bind to the intersubunit space contacting the A, P
and E sites in ribosomes [12–14], and modiﬁcations in this re-
gion aﬀect IRES activity [15]. Moreover, binding of the dici-
strovirus cricket paralysis virus IGR to human 80S
ribosomes leads to conformational changes in the stalk region,
which become ordered and produce a clearly visible and ex-
tended protuberance [12]. These data imply that a relationship
exists between the IRES binding site and the ribosomal stalk
region, and thus, we have explored the eﬀect of stalk composi-
tion on IRES-dependent translation.2. Materials and methods
2.1. Cell lines and culture conditions
Cells (293T and SP23-5) were grown in DMEM supplemented with
10% (v/v) heat-inactivated fetal bovine serum, 100 IU/ml penicillin Gblished by Elsevier B.V. All rights reserved.
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incubator at 37 C and 5% (v/v) CO2, and they were passaged regularly
at sub-conﬂuence.2.2. Generation of doxycycline-inducible P protein silencing cell lines
The SP23-5 cell line was generated as described previously [16].
Brieﬂy, 293T cells (a human embryonic kidney cell line) were transfec-
ted with the pcDNA6/TR vector and selected with blasticidin. These
cells were then transfected with the pSUPERIOR.puro-P2 plasmid
[16], which contains a 19-nucleotide target selected from the P2 mRNA
as an eﬀective siRNA sequence. These latter transfected cells were then
selected with puromycin.Fig. 1. Estimation of the P1 and P2 proteins in Dox-treated cells.
Total extracts from control (C) and Dox-treated (D) SP23-5 cells were
resolved by PAGE-SDS and the P0, P1 and P2 stalk proteins were
detected by immunoblotting using the 3BH5 monoclonal antibody
against the conserved CTD.2.3. Cell proliferation assay
The number of cells was counted daily and the growth rate constant
(k) was calculated from a regression analysis of the growth curves
(N = N0*e
kt, where t indicates the length of time and N denotes the cell
number).
2.4. Western blot analysis
Total protein extracts (10 lg) from cells grown for 48 h in the pres-
ence or absence of 0.1 lg/ml Dox were resolved by 12.5% (w/v) SDS–
PAGE, transferred to a PVDF membrane and probed with the 3BH5
monoclonal antibody speciﬁc to the conserved carboxy terminus of the
eukaryotic acidic P-proteins [17]. P0, P1 and P2 protein expression was
analyzed quantitatively by scanning densitometry and the results were
calculated as the proportion of protein expression (P1 or P2 protein
normalized to the P0 protein).
2.5. Transfection and determination of IRES activity
Bicistronic constructs of the form CAT-IRES-luciferase that had the
foot-and-mouth disease virus (FMDV) IRES or the hepatitis C virus
(HCV) IRES [18,19] in the intercistronic space were subcloned in
pcDNA3 to generate bicistronic transcripts from the CMV promoter.
The pLb plasmid, expressing the FMDV Lb protease, cleaves eIF4G
and PABP [9,20] leading to strong inhibition of cap-dependent trans-
lation. However, the eIF4G carboxy-terminal cleavage product result-
ing from the Lb protease activity will allow FMDV IRES-driven
translation [18]. Transfection of 60–80% conﬂuent cell monolayers,
grown for 48 h in the presence of Dox to silence the expression of
P2 mRNA, was carried out using cationic liposomes as described pre-
viously [9]. Extracts were prepared 24 h postransfection in 100 ll of
50 mM Tris–HCl, pH 7.8, 120 mM NaCl, 0.5% (v/v) NP40, and
IRES-dependent translation was quantiﬁed through the ﬁreﬂy lucifer-
ase (Luc) activity, whereas cap-dependent translation was quantiﬁed
by chloramphenicol acetyltransferase (CAT) activity [18]. The protein
content in each extract was determined using the Bradford assay (Bio-
Rad) and the experiments were performed on duplicate wells, each
experiment being repeated at least four times.Table 1
Eﬀect of Dox on the cellular P1/P2 content and growth rate constant
(k)
Cells P1 and P2 expression k (h1)
P1/P0 P2/P0
Control 100 ± 9 100 ± 20 0.032 ± 0.001
Dox-treateda 29 ± 14 8 ± 5 0.016 ± 0.001
Recoveredb 99 ± 12 85 ± 11 0.032 ± 0.004
aThe k value was estimated in cells grown in medium containing 0.1 lg/
ml Dox.
bGrowth rate was measured in cells grown in the absence of Dox for 6
days.3. Results and discussion
3.1. Doxycycline induced depletion of P1 and P2 proteins
Stably transfected SP23-5 cells were derived from human
293T that express a 19 bp P2-speciﬁc siRNA oligonucleotide
under the control of a doxycycline (Dox)-dependent H1 pro-
moter. Exposing growing SP23-5 cells to 0.1 lg/ml of Dox
for 2 days dramatically decreased the P2 protein present in cell
extracts when analyzed by western blotting (Fig. 1). A simulta-
neous decrease in the amount of P1 protein was also detected,
in agreement with previous results from S. cerevisiae showing
that suppression of P2 protein provokes a parallel loss of the
P1 protein [21,22]. In contrast, the amount of the P0 protein,
the other stalk component, was unaﬀected by the loss of P1
protein in the treated cells. On average, the P2 and P1 protein
available was reduced to around 8% and 29% of the amount
detected in the untreated cells, respectively, although wild type
protein levels were recovered when the cells were shifted toDox-free medium (Table 1). Depletion of P1 and P2 proteins
caused a 50% reduction in the rate of cell growth, which was
also recovered upon removal of Dox ([16] and Table 1). When
the polysome proﬁles of these cells were analyzed in sucrose
gradients a similar decrease in protein synthesis could be esti-
mated, and this could be at least partially attributed to a reduc-
tion at the initiation stage [16].
3.2. Eﬀect of P1/P2 depletion on IRES-dependent translation
SP23-5 cells were transfected with a pcDNA3 plasmid
encoding the bicistronic construct containing the chloram-
phenicol acetyl transferase (CAT) gene followed by the lucifer-
ase gene (Luc) and including either the FMDV IRES or the
HCV IRES in the intercistronic space [18,19]. After 3 days in
the presence (Dox-treated cells) or absence of Dox (untreated
or control cells), and 1 day after transfection with pcDNA3-
derived bicistronic plasmids, the cap-dependent CAT and the
IRES-dependent Luc activities were estimated in cell extracts.
In parallel, similar experiments were performed using SP23-5
cells previously transfected with the pLb plasmid, which ex-
press the FMDV Lb protease that cleaves and inactivates
Table 2
Absolute values of CAT and Luc activities of one representative experiment
Cap-dependent (CAT activity)a IRES-dependent (Luc activity)b (Luc/CAT)Dox/(Luc/CAT)Control
c
Lb Lb Lb +Lb
FMDV HCV FMDV HCV FMDV HCV FMDV HCV
Control Dox Control Dox Control Dox Control Dox 1.64 0.95 5.80 1.45
3099 1969 508 319 14843 15478 4455 2671
+Lb +Lb
FMDV HCV FMDV HCV
Control Dox Control Dox Control Dox Control Dox
124 46 204 236 2281 4910 512 861
aChoramphenicol acetyltransferase (CAT) activity in arbitrary units of radioactivity (minus background) per milligram of protein.
bFireﬂy luciferase (Luc) activity in arbitrary units of light (minus background) per milligram of protein.
cRatios of the values of CAT and Luc activities from Dox-induced P1/P2 depletion and Control cells.
Fig. 2. Eﬀect of P1 and P2 depletion on translation of a bicistronic
mRNA. Luc/CAT ratios in extracts from Dox-treated and control
SP23-5 cells in the presence (ﬁlled bars) or absence (empty bars) of the
FMDV Lb protease. Number of averaged experiments are indicated in
parenthesis for each bar.
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ment are shown in Table 2 and the average Luc/CAT ratios
from several experiments are summarized in Fig. 2. Accord-
ingly, Luc activity, normalized to the cap-dependent transla-
tion of CAT, was stimulated by the depletion of the P1 and
P2 proteins when Luc was expressed using the FMDV IRES
but not the HCV IRES (Fig. 2). This eﬀect was particularly
notable, reﬂecting an approximately threefold increase, when
the Lb protease was co-expressed in the cells and cap-depen-
dent translation was almost totally suppressed. In this respect,
it should be noted that the expression of picornavirus prote-
ases, like Lb, has been reported to stimulate picornavirus IRES
activity but not HCV IRES activity [23,24].
In addition to the diﬀerential eﬀect on IRES activity, stan-
dard cap-dependent initiation of translation is negatively af-
fected by P1/P2 deprivation as previously reported [16],
which makes the stimulation of the IRES-dependent process
all the more relevant.
Indeed, the stimulation of FMDV IRES-dependent transla-
tion upon protein P1/P2 depletion suggests a functional cross-
talk between IRES activity and the ribosomal stalk. Both ele-
ments could be connected throughout the involvement of the
stalk in eEF2-dependent translocation required to move the
initial site A-bound amino acyl-tRNA to the reactive site P.
In fact, binding of a dicistrovirus IRES to 80S ribosomes af-
fects the mode of action of eEF2, enhancing an eEF2-depen-
dent GTPase and destabilizing the 80S ribosome–eEF2-GDP
complex [25] and a direct association of the FMDV IRES with
eEF2 has been recently reported [26]. Considering the central
role of the ribosomal stalk in eEF2 function [27], the eﬀect
of P1/P2 depletion is not surprising. It is also conceivable that
a stalk that contains only the P0 protein might work better
after the IRES induced conformational changes in the eEF2
binding domain [12]. Moreover, since the absence of P1 and
P2 proteins aﬀects the joining of the 60S and 40S ribosomal
subunits [16], a reduction in 80S ribosome stability could ben-
eﬁt the unusual IRES-dependent eEF2 activity.
The diﬀerent eﬀects of protein P1/P2 depletion on the IRES
tested is in line with their structural diﬀerences [28]. The long
range eﬀect induced on the eEF2 region, and therefore the re-
sponse to changes in stalk composition, are unlikely to be
equivalent in diﬀerent IRES elements. Unfortunately, compar-
ative experimental information to address this issue is not
available for IRES other than that of the dicistrovirus Plautia
stalli intestine (PSIV) [25].In summary, these results support the hypothesis that at
least some of the changes in the proﬁle of newly synthesized
proteins detected in cells deprived of P1 and P2 proteins might
be due to an eﬀect on the eﬃciency of cap-independent trans-
lation.
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